Introduction
Noroviruses are widespread and highly contagious viruses that cause major outbreaks of gastroenteritis. Today, they are assessed to be the leading known causative agent of nonbacterial gastroenteritis worldwide and across all age groups [1] . They are annually reported to be responsible for 64,000 diarrheal episodes requiring hospitalizations, 900,000 clinic visits among children in industrialized nations, and approximately 200,000 deaths of children less than 5 years of age in developing nations [2] . Transmission of noroviruses mainly occur through the fecal-oral route and are characterized by a low infectious dose (<18 particles) and prolonged shedding [3, 4] . In addition to their clinical significance, noroviruses contaminate the environment and perpetuate outbreaks [5] . Their survival and persistence in the environment, such as in food matrices and environmental waters are consistently observed [6] .
Given the difficulties of establishing a cell culture system, norovirus research has mainly relied on nucleic acid amplification methods [7] . In these methods, the VP1 capsid region of the norovirus genome serves as the target for nucleic acid detection and genotyping. The short, highly conserved ORF1/ORF2 junction region is also used for rapid detection on the real-time reverse transcription (RT)-qPCR platform [8, 9] . Several studies have successfully developed and established RT-qPCR assays targeting this site [10] [11] [12] [13] . Although these assays are able to achieve high reproducibility and accuracy, norovirus genetic variability nevertheless leads to the problem of poor universality. Multicenter evaluations have shown that different laboratories can produce different results with the same specimens [14] .
Previously, RNA transcripts and plasmid vectors were common strategies for improving the efficiency and accuracy of real-time PCR detection [15, 16] . These constructs, however, are based on norovirus genes and must be intermittently revised and renewed to keep up to date with the continuously evolving norovirus genome [17] . Alternatively, an internal quencher such as the ZEN quencher has been reported to increase the signal sensitivity by decreasing the background fluorescence and has been previously applied to norovirus GII with relative success [18] .
The evaluation and comparison of different norovirus detection assays will provide useful insight to examine the consistency between assays. The aim of this study was to investigate characteristics, such as PCR efficiency and detection limit, as well as sensitivity and specificity with RT-PCR. Based on such assessment, the effect of an internal quencher on assay sensitivity was investigated.
Materials and Methods

Sample Preparation
Sixty-one archived human fecal samples from norovirus-infected patients were obtained from the Korea Centers for Disease Control and Prevention and stored at -80°C until use. The samples were prepared as 10% suspensions in phosphate-buffered saline and were subject to centrifugation at 20,000 ×g, for 20 min at 4°C [10] . One hundred microliters of the resulting supernatants were used for RNA extraction using the QIAamp R MiniElute R Virus Spin Kit (Qiagen, Germany) and eluted to 100 µl. RNA extractions were stored at -20°C prior to use.
Real-Time RT-qPCR
Four real-time RT-qPCR assays (hereafter referred to as Assay A, Assay B, Assay C, and Assay D from references [10] , [11] , [12] , and [13] , respectively) were simultaneously performed using the primers and probes summarized in Table 1 . Monoplex real-time RT-qPCR assays were performed in 25 µl reaction mixtures containing 5 µl of RNA samples, prescribed concentrations of primers and probes (Table 2) for each GI and GII assay, 12.5 µl of 2× RT-PCR buffer, 1 µl of 25× RT-PCR enzyme mixture, and 1.67 µl of Detection Enhancer using the AgPath-ID T M One-Step RT-PCR Kit (Thermo Fisher Scientific Inc., USA) according to the manufacturer's instructions. The PCR was performed in the 7300 Real-Time PCR System (Applied Biosystems, USA) under the prescribed conditions for each assay ( Table 2) . The viral copy number was quantified using dilutions of Norovirus RNA Positive Control (AccuPower R Norovirus Real-Time RT-PCR Kit; Bioneer, Korea). All samples were run in duplicates, and each assay included a duplicate of no template controls. Baseline thresholds were maintained at 0.1.
Conventional RT-PCR and Sequencing
RNA samples were subjected to conventional RT-PCR using a semi-nested procedure, using COG1F, G1SKF, G1SKR [19] and GI-F1M, GI-F2, GI-R1M primer sets [20] for GI, and COG2F, G2SKF, G2SKR [19] and GII-F1M, GII-F3M, GII-R1M primer sets [20] for GII detection (Table 1) . One-step RT was carried out using the OneStep RT-PCR Kit (Qiagen). Amplification of the first PCR product was carried out with RT at 45°C for 30 min, initial denaturation at 94°C at 5 min, followed by 35 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 90 sec, and final extension at 72°C for 7 min. Semi-nested PCR was performed using the EmeraldAmp R PCR Master Mix (Takara Bio Inc., Japan). The second product was amplified with initial denaturation at 94°C for 5 min, followed by 25 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 90 sec, and final extension at 72°C for 7 min. The products were analyzed on a 1.5% agarose gel. The RT-PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) and sequenced using the 3730xl DNA analyzer (Macrogen, Korea). Genotyping was based on nucleotide sequence comparisons and multiple sequence alignments using the BLASTN program (NCBI).
Assay D Modification with a ZEN Internal Quencher
A ZEN internal quencher (IDT, USA) was added to the GII probe of Assay D, at the 9 t h base from the 5' end, as an insertion in the phosphate-pentose backbone. Fresh RNA extractions were used to simultaneously run Assay D and the modified Assay D (Assay Dzen) for GII, each twice consecutively using the Norovirus RNA Positive Control (AccuPower Norovirus Real-Time RT-PCR Kit; Bioneer) as the standard control. Assay D-zen followed the same primer concentrations and cycling conditions as Assay D ( Table 2) . The reaction was performed on the 7300 Real-Time PCR System (Applied Biosystems). Baseline thresholds were maintained at 0.1.
Data Analysis
The performance of real-time RT-qPCR assays was evaluated by their PCR efficiency, limit of quantification (LOQ), and limit of detection (LOD). PCR efficiency was determined by the following equation:
LOQ was determined by the lower limit of the standard curve. LOD included low concentration results showing duplicate consistency and a typical sigmoidal curve. Samples with reliable signal but quantifications of less than 1 genomic copy per reaction were eliminated as nonspecific amplification. Both LOQ and LOD were calculated in units of log genomic copies per reaction.
The accuracy of each real-time RT-qPCR assay according to RT-PCR results was determined by the following equations for Table 1 . Primers and probes used in this study.
JJV1R (-) TCCTTAGACGCCATCATCAT 5377
NKP1R (-) GTCCTTAGACGCCATCATCAT 5378 sensitivity, specificity, positive predictive value, and negative predictive value.
Specificity (Sp) =
Positive predictive value (PPV) =
Negative predictive value (NPV) =
Positive results of both real-time RT-qPCR and RT-PCR were further compared by Venn diagram analysis to determine the most efficient assay with the greatest detection rate.
Results and Discussion
Evaluation of Real-Time RT-qPCR Performance RNA Positive Control was diluted to produce a 6-fold dilution standard curve ranging from 1.0 × 10 Table 3 . PCR efficiencies were calculated by Eq. (1). The mean PCR efficiency was 101.9% ± 0.031. The mean R 2 value was 0.993 ± 0.006. Assays A-D remain the mainstay both in outbreak and environmental investigations because they are highly accurate and sensitive. The presence of consistent and regular amplification peaks beyond the standard curve showed that the real-time RT-qPCR platform is indeed highly efficient in sensitively detecting low concentrations of norovirus template. However, the accuracy of absolute quantification is determined by the LOQ's accuracy, which is defined by the PCR efficiency and R 2 value. Assays A and D were characterized with sensitive LOQ, allowing quantification of virus copies to at least 1 log genomic copies per reaction (Table 3) , and so were evaluated as the more accurate assays for detecting low concentrations of norovirus.
Precise and accurate quantification of low viral loads by achieving a sensitive LOQ is critical with respect to clinical and environmental surveillance. The MIQE (Minimum Information for Publication of Quantitative Real-Time PCR Number of true positives Number of true positives Number of false negatives
Number of true negatives Number of true negatives Number of false positives
Number of true positives Number of true positives Number of false positives
Number of true negatives Number of true negatives Number of false negatives Experiments) guidelines recommend the elimination of Ct values beyond 40 in order to avoid nonspecific detection [21] . However, this recommendation may be cautiously applied in the case of norovirus. Studies have increasingly emphasized the significance of detecting low norovirus loads in relation to clinically asymptomatic individuals [22, 23] . Hasty elimination of large Ct values may cause underestimation of norovirus prevalence and overlook important relationships in norovirus epidemiology. Moreover, noroviruses are inevitably detected in large Ct values in food and other environmental sampling surveys [24] , which is most likely associated with difficulties in upstream nucleic acid concentration and recovery processes [25] . Therefore, a sensitive LOQ able to quantify at least 1 log genomic copies per reaction is an important criterion to fully optimize the sensitivity of the real-time RT-qPCR platform, interpret low viral load, and compensate for possible upstream loss of nucleic acid.
Comparison of Real-Time RT-qPCR and RT-PCR
Results of the real-time RT-qPCR assays were compared with the results of semi-nested RT-PCR assays [19, 20] . Analysis with RT-PCR confirmed that, out of a total of 61 samples tested, 14 were positive for GI (22.9%) and 25 were positive for GII (40.9%), of which 10 (16.4%) were samples with mixed genogroups. Multiple sequence alignment of these RT-PCR amplicon sequences using the BLASTN program confirmed 7 GI genotypes (GI.1, GI.3, GI.4, GI.5, GI.6, GI.8, GI.9) and 5 GII genotypes (GII.2, GII.4, GII.6, GII.13, GII.17).
The diagnostic accuracy of each respective real-time RTqPCR assay was calculated using Eqs. (2)-(4) as described above, using confirmed sequences from RT-PCR as true positives and true negatives (Table 4 ). All real-time RT-qPCR assays generally showed better performance in specificity rather than sensitivity, which may be explained by the high specificity of the real-time PCR's probe-based, sequencespecific mechanism. Overall, considerable disagreement was observed between the RT-PCR and real-time RT-qPCR results. The target site of the RT-PCR lies within the hypervariable VP1 region, where capsid sequences may vary by up to 57% in GI and GII noroviruses [26] . High genetic variability and the rapid evolution of the norovirus genome may warrant continued studies to define the consistency between established RT-PCR and real-time RTqPCR assays.
Positive results of real-time RT-qPCR assays according to LOD, and positive results of RT-PCR assays were overlaid on Venn diagrams to observe agreement between the two methods ( Fig. 1) . By combining positive results of both real-time RT-qPCR and RT-PCR, there were a total of 24 positives for GI and 34 positives for GII. Comparison of real-time RT-qPCR assays suggested that Assays A and D were more in agreement with RT-PCR than Assays B and C. In addition, Assay D for GII was able to detect the majority of samples detected by other real-time RT-qPCR assays that were not detected by RT-PCR. This suggested that Assay D was the most favorable assay in this study.
The detection of genotyped samples by real-time RTqPCR assays was investigated because studies have continuously reported on the potential of noroviruses to display strain-specific behavior [27, 28] . RT-PCR confirmed that genotypes were generally found as false negatives rather than as true positives in real-time RT-qPCR assays. Overall, Assay A and Assay D for GI and Assay D for GII showed less false-negative detection than the other assays (Fig. 2) . In GI detection, GI.4 and GI.5 samples were always detected as true positives. In GII detection, GII.6, GII.13, and GII.17 were consistently detected as true positives. These samples appeared as positives in all real-time RTqPCR assays with relatively high viral load and almost always quantified within the LOQ. Therefore, a high viral load of samples may correspond to true positive results of genotyped samples. However, samples consistently showing a high viral load in real-time RT-qPCR were negative for RT-PCR as well. Agreement of real-time RT-qPCR and RT-PCR on norovirus detection could involve diverse factors, which may be further elucidated.
Although the target region of the real-time RT-qPCR and RT-PCR assays used in this study were in close proximity to each other, there was considerable disagreement between the two methods. Real-time RT-qPCR is technically more sensitive that RT-PCR [7] . However, this study demonstrated that the presence of noroviruses could be confirmed by genotyping while appearing negative in real-time RTqPCR. The implication is that more than just a few false negatives may be risked in both the real-time RT-qPCR and RT-PCR methods. The composite reference method of the US Centers of Disease Control and Prevention uses both real-time PCR and RT-PCR protocols to confirm the presence of norovirus RNA [29, 30] . Even if the real-time RT-qPCR assay results in a negative, at least one RT-PCR positive result confirmed with bidirectional sequencing will lead to evaluating the sample as positive, and thereby mitigate false negatives. This study provides further evidence for the need of routine evaluation of real-time RT-qPCR and RT-PCR in consideration of their risk for false predictions. Cross-confirmation of the two methods may be further studied as an important aspect in environmental sampling as well, where sequencing results serve as crucial data to interpreting the complicated epidemiology of norovirus without direct association to infection or disease status [6] .
Primer Sequence Alignment Differences in real-time RT-qPCR assay results may be due to variations in the oligomer sequences of primers and probes and their ability to detect the target region of the norovirus genome. Seven GI sequences were used for alignment with GI primer and probe sets and included the Norwalk GI.1 reference strain, GI.4, GI.6, GI.8, and GI.9, which were detected in this study. Eleven GII sequences were used for alignment with GII primers and probes and included the Lordsdale GII.4 reference strain, GII.2, GII.6, GII.13, and GII.17 detected in this study (Fig. 3) . Sequence alignment showed that the primers and probes of the four assays had essentially the same target region. Variability in the target template were compensated by degenerate bases in most assays. The use of degenerate bases was mainly concentrated in the forward primers, whereas the probe and reverse primer regions were well conserved. Forward primers of Assay B and Assay C for GII contained relatively less degenerate bases and this may have contributed to the curtailed LOQ and delayed detection of samples. Alternatively, greater degeneracy in the forward primers of Assay A and Assay D coincided with better reproducibility of linear standard curves and sensitive LOQ. Previously, it has been stated that detection specificity was more dependent upon probe sequences than on primer sequences [31] . This finding suggested that ensuring high conservation in primer regions with thorough compensation for template variability may be just as important as the probe region for broadly reactive real-time RT-qPCR primers. Although the ZEN quencher did not produce dynamic change in Assay D, it was able to achieve more reliable detection and quantification. Therefore, it may be an appealing option for conveniently optimizing existing assays. The simple inclusion of the ZEN quencher reduces, and may possibly bypass, time-consuming efforts to optimize new primers and probe sets on new target regions, and can aid assay troubleshooting without excessive tampering with the primer sequence. The effect and merit of the ZEN quencher can be further validated by application on a greater diversity of specimen types besides the archived fecal samples used in this study.
In summary, the characteristics of a highly sensitive norovirus real-time RT-qPCR assay were investigated. Increasing the detection range for absolute quantification of norovirus in real-time RT-qPCR suggested improved agreement with RT-PCR results, as well as overall improved sensitivity, especially for low norovirus concentration samples. The utilization of a ZEN sinternal quencher is a convenient improvement tool that has become available through recent technological advances. This simple strategy has potential to improve the performance of existing norovirus methods precedent to developing entirely new assays to upgrade against the genetic evolution of norovirus strains. The high sensitivity of the real-time RT-qPCR platform, as well as the high genetic diversity of noroviruses, compels researchers to carefully consider potential pitfalls in the experimental methods and interpretation of results in order to translate laboratory results to public health action. Establishment of a definitive gold standard criterion for norovirus real-time RT-qPCR detection assays in the future may allow for a clearer characterization of the impacts of sample quality and norovirus diversity on realtime RT-qPCR accuracy.
